LIM-kinase 1 and 2 (LIMK1 and LIMK2) are members of a novel class of protein kinases with structures composed of two LIM motifs at the N-terminus and an unusual protein kinase domain at the C-terminus. The cellular functions of the LIMK family proteins have remained unknown. In the present study, we examined eects of LIMKs on neuronal dierentiation of PC12 pheochromocytoma cells. Transient expression analyses revealed that LIMK1, in itself, had no apparent eect on PC12 cells, but the oncogenic Ras-induced dierentiation of PC12 cells was notably inhibited by co-expression with LIMK1 or LIMK2. A mutant of LIMK1 lacking a protein kinase domain (DK) similarly inhibited Rasinduced dierentiation of PC12 cells, but a mutant lacking a LIM domain (DLIM) failed to do so, indicating that a LIM domain but not a protein kinase domain is required for the inhibitory activity. This notion was further supported by the ®nding that mutation, changing conserved cysteines involved in zinc coordination to glycines in both of two LIM motifs, abolished the inhibitory activity of DK. Additionally, we also found that the constitutively activated MAP kinase kinase (MAPKK)-induced dierentiation of PC12 cells was inhibited by co-expression with DK. Furthermore, DK did not inhibit the kinase activity of MAP kinase (MAPK) stimulated by MAPKK, when co-expressed in COS7 cells. These ®ndings suggest that LIMK1 inhibits neuronal dierentiation of PC12 cells, through its LIM domain and by interfering with events downstream of MAPK activation.
Introduction
We recently identi®ed human, rat and chicken cDNAs encoding a novel class of protein kinases, termed LIMkinases (LIMKs), composed of LIMK1 and LIMK2 Ohashi et al., 1994; Okano et al., 1995; Nunoue et al., 1995) . The cDNA corresponding to mouse LIMK1 was identi®ed by other groups (Bernard et al., 1994; Cheng and Robertson, 1995; ProÈ schel et al., 1995) . Sequences and domain structures of LIMK1 and LIMK2 are closely related with about a 50% overall amino acid identity, but patterns of expression of mRNAs for these kinases dier; LIMK1 mRNA is highly expressed in the brain while LIMK2 mRNA is expressed in various tissues Nunoue et al., 1995) . Chromosomal localization of human genes for LIMK1 and LIMK2 was assigned to 7q11.23 and 22q12, respectively .
LIMK1 and LIMK2 possess unique structural features, consisting of two tandemly arrayed LIM motifs at the N-terminus and an unusual protein kinase domain at the C-terminus. The LIM motif was de®ned as a structural motif composed of two adjacent zinc ®ngers separated by a two-amino-acids linker and with a consensus sequence (CX 2 CX 16 ± 23 HX 2 C)X 2 (CX 2 CX 16 ± 21 -CX 2 ± 3 C/H/D) (SaÂ nchez-Garcia and Rabbitts, 1994; Dawid et al., 1995) . Nuclear magnetic resonance analysis revealed the three-dimensional structure of the LIM motif; it is constructed of antiparallel b sheets with two zinc ion-binding modules (PeÂ rez-Alvarado et al., 1994) . The LIM motif was found in diverse proteins, including homeodomain-containing transcription factors, cytoskeletal proteins, and other signaling proteins, which were found to be involved in cell fate determination, growth regulation, and oncogenesis (SaÂ nchezGarcia and Rabbitts, 1994; Dawid et al., 1995) . Although most zinc ®nger motifs function by binding to speci®c DNA or RNA sequences, several lines of evidence obtained from studies on various LIM-containing proteins suggest that the LIM motifs are involved in protein-protein interactions (Schmeichel and Beckerle, 1994; Feuerstein et al., 1994; Wadman et al., 1994; Wu and Gill, 1994) . Thus, the LIM motifs in LIMKs may function as binding modules to interact with other proteins. Recently we found that LIMK1 associated with several isoforms of protein kinase C through the LIM domain, but physiological signi®cance of this interaction remained unknown (Kuroda et al., 1996) .
In addition to the existence of LIM motifs in the molecule, the protein kinase domains of LIMK family members are unique in that they contain the characteristic sequence motif DLNSHN in subdomain VIB and a highly basic insert between subdomains VII and VIII. Phylogenetic analysis of the protein kinase domains revealed that LIMK1 and LIMK2, along with another distantly related protein kinase TESK1 (Toshima et al., 1995) , form a cluster within a serine/ threonine kinase family, and they are obviously separated from other known protein kinases. Although serine/threonine kinase activity of LIMK1 and LIMK2 was shown in in vitro kinase assays Nunoue et al., 1995; Cheng and Robertson, 1995; ProÈ schel et al., 1995) , the cellular target proteins for these kinases have heretofore not been determined.
Since LIMK family kinases have unique structural features, they are likely to play speci®c roles in previously uncharacterized signaling pathways. We observed that induced overexpression of LIMK1 led to growth retardation of ®broblasts , but other cellular functions of the LIMK family proteins are not well understood. Predominant expression of LIMK1 in the brain suggests a speci®c role of LIMK1 in neurons. We have now examined eects of overexpression of LIMKs on neuronal dierentiation of rat pheochromocytoma PC12 cells. As these cells dierentiate into neuron-like cells in response to nerve growth factor or ectopic expression of an activated form of Ras or other signaling molecules, including Raf, MAP kinase kinase (MAPKK) and MAP kinase (MAPK), they are a useful system for studying the role of proteins which putatively function in cell signaling and dierentiation (Noda et al., 1985; Bar-Sagi and Feramisco, 1985; Wood et al., 1993; Cowley et al., 1994; Fukuda et al., 1995) .
In our transient expression experiments, we found that ectopic expression of LIMK1 or LIMK2 inhibits neuronal dierentiation of PC12 cells, induced by oncogenically activated Ras transfection. Interestingly, the activity required to inhibit dierentiation dependend on the LIM domain and not the protein kinase domain of LIMK1. We also provide evidence indicating that LIMK1 inhibits neuronal differentiation by interfering with events downstream of MAPK activation.
Results

Overexpression of LIMK1 had no apparent eect on PC12 cells
Overexpression of the oncogenically activated form of Ras (substituing Gly12 by Val) induces neuronal dierentiation of PC12 cells. In the present study, we used transient expression assays to examine the eects of LIMKs on neuronal dierentiation of PC12 cells. When PC12 cells were transfected with the expression plasmid containing constitutively activated Ras (pRc-CMV-Ras V12 ) and the reporter plasmid containing bgalactosidase (pRc-CMV-b-Gal) in a ratio of 9 : 1, and 72 h later cells were stained with X-Gal, signi®cant morphological changes (including extension of neurites, enlargement of cell mass and¯attened shapes) were observed in around 80% of b-galactosidase positive blue cells (Figure 1b and c and Table 1 ). On the other hand, no apparent morphological change was induced in PC12 cells after transfection with the vector plasmid (pRc-CMV) or the expression plasmid containing haemagglutinin (HA) epitope-tagged LIMK1 (pRc-CMV-LIMK1-HA) plus with the reporter pRc-CMVb-Gal (Figure 1a and d and Table 1 ). Expression of LIMK1-HA in PC12 cells was con®rmed by indirect immuno¯uorescence staining with anti-HA antibody (Figure 1d) . Thus, overexpression of LIMK1 by itself had no apparent eect on PC12 cells.
LIMK1 and LIMK2 inhibit activated Ras-induced neuronal dierentiation of PC12 cells
We next asked whether LIMK1 or LIMK2 would aect activated Ras-induced dierentiation. Cells were co-transfected with three distinct expression plasmids containing activated Ras (pRc-CMV-Ras V12 ), LIMK1- (Table 1) . These values were obtained reproducibly in four independent experiments. Similarly, co-transfection with the expression plasmid containing LIMK2-HA reduced the number of Ras-induced dierentiated cells to 54% (Table 1 ). These observations suggest that both LIMK1 and LIMK2 have an inhibitory eect on the activated Rasinduced PC12 cell dierentiation. Incidentally, in our transient expression assay, it is dicult to examine the eects of ectopically expressed proteins on NGFinduced neuronal dierentiation of PC12 cells.
A LIM but not a kinase domain is required for activity of LIMK1 to inhibit Ras-induced PC12 cell dierentiation
To determine the functional domain of LIMK1 essential for activity to inhibit Ras-induced neuronal dierentiation of PC12 cells, we constructed expression plasmids containing the LIMK1 mutants lacking a protein kinase domain (DK-HA) or a LIM domain (DLIM-HA) ( Figure 2a ). Authenticity of the plasmid construction was con®rmed by analysing the sizes of mutant proteins expressed in COS cells; they were in agreement with the predicted molecular size ( Figure  2b ). Expression of mutant proteins in PC12 cells was con®rmed by indirect immuno¯uorescence staining with anti-HA antibody, in a similar manner shown in Figure 1d . Co-expression of DK-HA, but not DLIM-HA, inhibited Ras-induced neuronal dierentiation of PC12 cells to an extent similar to that seen with the wild-type LIMK1-HA (Table 1) . Therefore, the Nterminal LIM region, but not the C-terminal protein kinase domain, is presumably required for the activity to interfere with Ras-induced dierentiation of PC12 cells.
To further de®ne the role of LIM motifs for the inhibitory activity of LIMK1, a series of point mutations changing conserved cysteines to glycines were introduced into DK-HA mutant (Figure 2a ). These mutations are expected to destroy the zinccoordinated tertiary structure of LIM motifs (Taira et al., 1994) . 1mDK-HA and 2mDK-HA are mutants of DK-HA with a point mutation of Cys to Gly at the ®rst and the second LIM motif (LIM1 and LIM2), respectively. dmDK-HA is a mutant of DK-HA with double point mutations of Cys to Gly at both LIM1 and LIM2 motifs. As summarized in Table 1 , when transfected into PC12 cells, 1mDK-HA and 2mDK-HA behaved like the wild-type LIMK1-HA and DK-HA, inhibiting Ras-induced cell dierentiation. In contrast, dmDK-HA failed to inhibit the Ras-induced differentiation of PC12 cells. Thus, mutation leading to destruction of either one of the two LIM motifs retained the function of DK-HA, but mutation leading to destruction of both LIM motifs resulted in loss of function of DK-HA. These data provide strong evidence for the essential role of LIM motif in the inhibitory activity of LIMK1 and also indicate that the zinc-coordinated conformation of either LIM1 or LIM2 motif is required for the inhibitory activity of LIMK1; function of LIM1 and LIM2 motifs is redundant in this activity.
Constitutively activated MAPKK-induced PC12 dierentiation is inhibited by DK mutant of LIMK1
When PC12 cells dierentiate to neuron-like cells, a sequential serine/threonine kinase cascade, including Raf, MAPKK, and MAPK, is activated, following activation of Ras. Cowley et al. (1994) reported that expression of the constitutively activated form of MAPKK induced neuronal dierentiation of PC12 cells. To determine the point at which LIMK1 inhibits the Ras-induced dierentiation signaling pathway, we examined the eect of overexpression of DK-HA on activated MAPKK-induced dierentiation of PC12 cells. The expression plasmid pRc-CMV-DNSESE containing Xenopus DNSESE was used for expression of constitutively activated MAPKK, in which the Nterminal negative regulation domain (residues 32 ± 51) was deleted and two activating phosphorylation sites (Ser218 and Ser222) were replaced by glutamic acid residues (Gotoh et al., 1995; Mansour et al., 1994) . In the transient transfection assay with the b-Gal reporter plasmid, DNSESE induced neuronal dierentiation of PC12 cells in 57% of blue cells (Figure 3 ). When the DK-HA mutant of LIMK1 was co-transfected with DNSESE, the number of dierentiated cells in blue cells decreased to near 30%; co-expression of dmDK-HA had no such eect. Thus, DK-HA but not dmDK-HA speci®cally inhibited the activated MAPKKinduced dierentiation of PC12 cells, similar to their actions on the activated Ras-induced dierentiation. These ®ndings suggest that DK-HA inhibits the Rasinduced signaling pathway downstream of MAPKK activation.
Lack of eect of the DK mutant on MAPK activation by MAPKK
As the data described above indicated that DK-HA inhibited neuronal dierentiation of PC12 cells downstream of MAPKK activation, we next determined whether or not DK-HA would inhibit the activation of MAPK, which is expected to be induced by activated MAPKK. COS7 cells were transfected with pUC-SRa-MAPK-HA containing HA-tagged MAPK, with or without the expression plasmids containing activated MAPKK (pUC-SRa-DNSESE) and/or DK mutant of LIMK1 lacking the HA epitope (pUC-SRa-DK). After 48 h, MAPK-HA proteins were immunoprecipitated with anti-HA antiserum, and the kinase activity of MAPK-HA was measured, using myelin basic protein (MBP) as a substrate. MAPK-HA showed no MBP phosphorylation activity when transfected alone, but was activated by co-transfection with activated MAPKK (DNSESE) (Figure 4a, lanes 1 and 2) . Expression of an excess amount of DK mutant of LIMK1 in COS cells did not reduce the activity of MAPK-HA induced by DNSESE (Figure 4a, lane 3) , hence, the LIM domain of LIMK1 did not seem to interfere with the MAPKK-induced activation of MAPK. DK probably inhibits neuronal dierentiation of PC12 cells further downstream of MAPK activation. In addition, the observation that expression level of MAPKK (DNSESE) was not changed by overexpression of DK ( Figure 4c , lanes 2 and 3) suggests that the inhibitory eect of DK on neuronal dierentiation is not due to the reduction of the level of MAPKK protein.
Discussion
Several lines of evidence indicate that sustained activation of Ras-MAPK pathway correlates well with neuronal dierentiation of PC12 cells (Marshall, 1995) . Expression of the constitutively activated form of Ras, Raf, MAPKK or MAPK by microinjection, infection using a viral vector or transient transfection leads to development of neurites in PC12 cells (Noda et al., 1985; Bar-Sagi and Feramisco, 1985; Wood et al., 1993; Cowley et al., 1994; Fukuda et al., 1995) . Using the transient expression system, we found that the activated Ras-induced PC12 cell dierentiation was inhibited by co-expression of LIMK1 or LIMK2. Based on ®ndings that the activated MAPKK-induced dierentiation of PC12 cells was also inhibited by the DK mutant of LIMK1 and that DK had no eect on MAPKK-stimulated MAPK activation in COS cells, we suggest that LIMK1 inhibits PC12 cell differentiation, probably by interfering with events downstream of MAPK activation. Despite recent advances in delineating signaling pathways, little is known of downstream events of MAPK activation. MAPK, upon activation, translocates to the nucleus, phosphorylates and activates transcription factors, some of which will lead to the expression of genes required for neuronal differentiation of PC12 cells (Marshall, 1995; Nishida and Gotoh, 1993; Blenis, 1993; Davis, 1993) . In addition to shifts in gene expression, MAPK activation also induces dynamic cytoskeletal rearrangements leading to morphological changes, such as an increase of cell mass and neurite outgrowth, in PC12 cells. Since LIMKs are mainly localized in the cytoplasm (see Figure 1d and Okano et al., 1995) , they aect PC12 cell dierentiation probably by interfering with the events related to cytoskeletal reorganization, although the possibility that LIMKs perturb the nuclear events controlling gene expression cannot be excluded at present.
In this respect, it is noted that several LIMcontaining proteins, including paxillin, zyxin and cysteine-rich protein (CRP), are associated with cytoskeletal structures. Paxillin binds to cytoskeletal component proteins, such as vinculin, talin and pp125 FAK , and zyxin binds to a-actinin, through the regions outside of the LIM domains Turner and Miller, 1994; Salgia et al., 1995) , while zyxin and CRP are associated with each other through LIM ± LIM interactions (Sadler et al., 1992; Schmeichel and Beckerle, 1994) . As the LIM domains are thought to function as the interface in proteinprotein interactions, the LIM domains of cytoskeletal LIM proteins are likely involved in their binding to cytoskeletal component proteins or regulatory proteins, and thus may contribute to the regulation of cytoskeletal reorganization. Similarly, the LIM domain of LIMKs may be involved in the regulation of the cytoskeletal reorganization by binding to cytoskeletal LIM proteins or other cytoskeletal component or regulatory proteins and consequently aect on the morphological changes of PC12 cells. Very recently we found that LIMK1 associates with various isoforms of protein kinase C through the LIM domain (Kuroda et al., 1996) . As protein kinase C isoforms are known to bind to and phosphorylate several cytoskeletal proteins (Nishizuka, 1986; Blobe et al., 1996) , the LIM domain of LIMK1 may regulate the cytoskeletal reorganization through its interaction with protein kinase C.
Mutation analysis revealed that the LIM domain but not the protein kinase domain is required for the inhibitory function of LIMK1. Point mutations of conserved cysteine residues that coordinate zinc ion by glycine residues in LIM1 and LIM2 motif of DK mutant of LIMK1 suggest that the zinc-coordinated structure of either one of the two LIM motifs is required to exhibit inhibitory activity. Based on the signi®cant dierence in amino acid sequences of LIM1 and LIM2 motifs in LIMK1, the respective LIM motifs likely have distinct target binding speci®cities, as previously noted for LIM motifs in zyxin and enigma, which contain multiple LIM motifs with distinct binding speci®cities in the single molecule (Schmeichel and Beckerle, 1994; Wu and Gill, 1994; Durick et al., 1996) . Thus, the respective LIM motifs in LIMK1 may function by binding with distinct sites of the single target protein or distinct proteins that are involved in Ras-induced dierentiation signaling. To better understand mechanisms by which LIMK1 inhibits Ras-induced dierentiation signaling and mechanisms of the functional redundancy of two LIM motifs in LIMK1, further identi®cation and characterization of proteins interacting with the individual LIM motifs of LIMK1 will need to be done.
Recently Keating's group reported that hemizygotic deletion of the LIMK1 gene leads to impaired visuospatial constructive cognition in patients of Williams' syndrome (Frangiskakis et al., 1996) . This cognitive function is likely supported by a network of neurons capable of parallel processing. Together with the ®nding that LIMK1 is predominantly expressed in the brain of rat embryo (Mori et al., 1996) , LIMK1 seems to play an important role in the development of the central nervous system. The ®nding of the inhibitory eect of LIM domain of LIMK1 on neuronal dierentiation of PC12 cells in this study will serve as the ®rst step to explore the physiological functions of LIMKs in neuronal development.
Materials and methods
Plasmid construction
The full-length coding sequence of human LIMK1 cDNA (3029 base pairs), obtained by ApaI ± HindIII digestion of the clone S9-14 , was inserted into pBluescript SKII 7 (Stratagene) with a NotI linker (pBS-LIMK1). To generate the plasmid encoding LIMK1-HA, C-terminally tagged with epitope peptide (YPYDVP-DYA) of in¯uenza virus haemagglutinin (HA), the cDNA fragment was ampli®ed by polymerase chain reaction (PCR), using the upper primer 5'-GACAGCCAGTA CCCA-3' and the lower primer 5'-GCTCTAGAGG-CCTCAGGCCATAGTCGGGGACGTCATAGGGGGGT-AAGGCAGTCCGCTCTCGCC-3' (containing an HA epitope, a stop codon and XbaI site). The PCR-ampli®ed fragment was digested with SphI and XbaI and ligated into the SphI, XbaI-digested pBS-LIMK1, to replace the original SphI ± XbaI fragment of LIMK1 cDNA with the HA-tagged fragment. The resulting plasmid was cut with NotI and the insert was subcloned into the expression vector pRc-CMV (Invitrogen) or pUC-SRa vector (Takebe et al., 1988) to produce pRc-CMV-LIMK1-HA or pUCSRa-LIMK1-HA. To construct the expression plasmid pRc-CMV-DLIM-HA coding for DLIM-HA lacking a LIM domain of LIMK1-HA, pRc-CMV-LIMK1-HA was digested with BalI and EcoO65I and ligated with a HindIII linker. To construct the plasmid pRc-CMV-DK-HA coding for DK-HA lacking a kinase domain of LIMK1-HA, pRc-CMV-LIMK1-HA was digested with PstI and SphI and the LIMK1 inhibits PC12 cell differentiation O Higuchi et al PstI ± SphI fragment within the LIMK1 sequence was removed. Point mutations in the LIM domain of LIMK1 were introduced, using mutated oligodeoxynucleotides and an in vitro site-directed mutagenesis kit (Clontech). The bgalactosidase cDNA was excised out from pSV-b-galactosidase (Promega) by HindIII ± ApaI digestion, and subcloned into the pRc-CMV vector (pRc-CMV-b-Gal). The c-Ha-Ras V12 cDNA was cut out from pMT-cHr-2 (provided by Dr S Hattori) (Hattori et al., 1985) by BglII digestion, and subcloned into pRc-CMV with a NotI linker (pRc-CMV-Ras V12 ). SRa456 -XenopusD(32 ± 51) -S218E/S222E-MAPKK (DNSESE, provided by Drs Y Gotoh and E Nishida) (Gotoh et al., 1995) was digested with BglII and the BglII sites in both ends were substituted by NotI sites. The NotI-digested cDNA was subcloned into pRc-CMV or pUC-SRa vector to generate pRc-CMV-DNSESE or pUCSRa-DNSESE. SRa456-Xenopus MAPK expression vector (provided by Drs Y Gotoh and E Nishida) (Fukuda et al., 1995) was digested by BamHI and the BamHI sites in both ends were substituted by NotI sites. The MAPK cDNA was HA epitope-tagged at the C-terminus by PCR ampli®cation, using the 5' primer (5'-TCCCAATG-CAGATCCC-3') and the 3' primer (5'-GTGCGGCC GCTGTTCAGGCATAGTCGGGGACGTCATAGGGGT-ACCCTGGCTGGAATCT-3') and subcloning into pUCSRa vector (pUC-SRa-MAPK-HA), in a similar manner. The authenticity of these expression plasmids was con®rmed by nucleotide sequence analysis.
Transient expression assay for neuronal dierentiation of PC12 cells
Transient expression omit analysis of neuronal differentiation of PC12 cells was carried out as described (Teng et al., 1995) . PC12 cells obtained from Japanese Cancer Research Resources Bank (JCRB) were cultured in collagen-coated 100 mm dish in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% horse serum (GIBCO-BRL) and 5% fetal calf serum (FCS). After 24 h, cells were transfected with 9 mg of pRc-CMV-Ras V12 , 3 mg of pRc-CMV-LIMK derivatives, and 1 mg of pRc-CMV-b-Gal, which were mixed with 65 mg of liposome (provided by Dr A Ito) (Ito et al., 1990) in Hepes-based saline buer (pH 7.4). 72 h after transfection, cells were washed with phosphate-buered saline (PBS) and ®xed with 1% glutaraldehyde for 5 min at 48C. After washing twice with PBS containing 5 mM MgCl 2 , cells were stained by incubation for over 3 h at 378C in solution of PBS containing 20 mM K 3 Fe(CN) 6 , 20 mM K 4 Fe(CN) 6 , 1 mM MgCl 2 , and 1 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside). The b-galactosidase positive blue cells were scored by phase-contrast microscopy. Morphologically altered cells were assessed by neurite outgrowth with ā attened shape and increase in body mass, as typi®ed in Figure 1b and c.
Immuno¯uorescence PC12 cells were plated on 10 mm glass coverslips coated with poly-D-lysine, collagen, and polyethylenimine. These cells were transfected with the expression plasmids, as described above. After 72 h, cells were ®xed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 15 min, and quenched in 100 mM glycine in PBS for 15 min, then in 10% fetal calf serum in PBS for 10 min. The cells were then incubated for 2 h at room temperature with anti-HA epitope rabbit antisera (HA.11, Babco) at a dilution of 1 : 1000 in PBS, and then for 1 h with¯uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibody (Zymed) at a dilution of 1 : 10 000 in PBS. Fluorescent cells were photographed using a epi¯uorescent microscope (Zeiss).
Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were carried out as described previously , except that anti-HA epitope polyclonal antisera (HA.11) was used for immunoprecipitation and for the primary antibody for immunoblotting. Anti-MAPKK antibody was provided by Drs Y Gotoh and E Nishida.
Assay for MAPK activity
Subcon¯uent COS7 cells were transfected with expression plasmids containing DK or dmDK (pUC-SRa-DK or -dmDK), activated MAPKK (SRa-NSESE), and HAtagged MAPK (pUC-SRa-MAPK-HA) in a ratio of 100 : 10 : 1, using the liposome methods described above. Total amount of plasmid DNA was adjusted to 22.2 mg per 100 mm culture plate with a pUC-SRa vector plasmid. Two days later, the cells were washed with PBS and lysed on ice with NP-40 lysis buer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM Na 3 VO 4 , 50 mM NaF) containing 0.05% SDS. MAPK-HA was immunoprecipitated by incubation of the lysates with anti-HA antisera for 1 h and then with Protein A-Sepharose for 1 h. The immune complex was washed twice with washing buer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM Na 3 VO 4 , 50 mM NaF) and twice with kinase reaction buer (50 mM HEPES, pH 7.4, 1 mM dithiothreitol, 5 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM NaF). MAPK activity was determined by incubation for 15 min at 308C with 2.5 mM [g-32 P]ATP (5000 ± 10 000 c.p.m./pmol, Amersham) and 5 mg of myelin basic protein (MBP) in 20 ml of kinase reaction buer. Samples were mixed with 20 ml of 26Laemmli's buer containing 100 mM DTT, boiled for 10 min and analysed by SDS electrophoresis on 15% polyacrylamide gels. Proteins were transferred to PVDF membranes, and 32 P-labeled MBP was detected by autoradiography with the aid of intensifying screens.
